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SYNOPSIS An assessment of intracellular urea removed during haemodialysis has been made from urea extraction and plasma urea estimations. An apparent wide variation in the movement of intracellular urea in patients with acute renal failure from obstetric and traumatic causes and with chronic renal failure is reported.
A method for the estimation of red cell water urea is presented. In two patients with chronic renal failure the red cell urea level was much higher than would have been expected from the plasma urea level before dialysis. In two obstetric patients there was no such discrepancy.
The conclusion is drawn that research should be directed to variations of intracellular metabolism in renal failure before a more rational approach can be made to its management.
Urea measurements made during haemodialysis of patients w-ith renal failure have presented anomalies which are apparently inconsistent with the postulate that urea is freely diffusible throughout the total body water. In an earlier paper two of us analysed 60 haemodialyses with respect to the urea fall in plasma (Blackmore and Elder, 1961) . A theoretical fall in plasma urea was calculated from the known urea clearance of the artificial kidney, the assumed total body water of the patient, and the initial plasma urea. The actual fall in plasma urea never significantly exceeded the calculated figure. In some patients with trauma or glomerulonephritis the fall in plasma urea was less than predicted, whereas in patients with renal failure complicating pregnancy the actual and calculated plasma urea falls were very close. The prediction of plasma urea fall from the theoretical performance of the artificial kidney was not a reliable procedure, partly because the machine did not necessarily perform as predicted and partly because the urea did not apparently travel from cells to extracellular fluid by a simple process of diffusion in all cases. As the ratio of calculated to observed plasma urea fall was found to correlate with the aetiology of the primary condition it was felt that variation in the performance of the machine was not a major factor. It was postulated that urea exists in both cell and plasma in diffusible and non-diffusible forms, and that there is a greater ratio of nondiffusible urea in the cell than in the plasma, these ratios being maintained in equilibrium. This ratio Received for publication 23 January 1963. might be determined by the aetiology of the primary condition. Shackman, Chisholm, Holden, and Pigott (1962) found in muscle biopsies an increased intracellular urea concentration in 14 of their 19 unselected patients and a decrease in the remaining five. They commented that this tended to support the concept that urea might exist as diffusible and non-diffusible moieties.
Further investigations on the dialyses of seven patients in renal failure are presented.
MATERIAL
The details of the patients investigated during dialysis are shown in Table I .
In our previous paper (Blackmore and Elder, 1961 ) the glomerulo-nephritic group included five patients with chronic renal failure due to glomerulonephritis. During the period of the present investigation no patient with glomerulonephritis was dialysed, but two patients (C.G. and W.W.) with chronic renal failure due to nephrosclerosis were included as it appeared from our previous studies that they behaved in a similar manner with respect to urea distribution. This group is not strictly comparable with that previously presented.
METHODS
Haemodialyses were performed with a Kolff disposable twin-coil unit using a modified Travenol artificial kidney. 10% sodium tungstate were added in this order. The slight excess of sodium tungstate produced more consistent results. The tubes were stood for 10 minutes and then centrifuged at 3,000 r.p.m. for 10 minutes.
To 2 ml. of the supernatant the following reagents were added in quick succession: 2 ml. of sodium phenate reagent, 3 ml. 0-01 % sodium nitroprusside, and 3 ml. P.C.V.
As the water content of the red cell is approximately 69% of its volume (Van Slyke, Wu, and McLean, 1923) the theoretical concentration of urea in the red cell water will be: R.B.C. H20 urea red blood cell urea provided that the urea is in fact all dissolved in red cell
water.
The calculation of red cell water urea magnifies small errors in dermination of whole blood and plasma urea, especially at low P.C.V. values. Thus the accuracy of the red cell water urea determination is much lower than that of plasma and whole blood ureas. For example, at a red cell water urea level of 350 mg./100 ml., a change of less than 40 mg./100 ml. is not significant as this is within the limits of maximum experimental error. Every precaution was taken to limit any inaccuracy but a difference of 1 mg./100 ml. on either the plasma or whole blood urea will affect the red cell water urea calculation by approximately 4 mg./100 ml. at a P.C.V. of 40%.
The method of Fawcett and Scott (1960) is claimed to have a high degree of specificity for the estimation of urea in plasma, and it is likely to have a similar specificity for urea in the red cell method described. Although this was not investigated extensively, it was found that no colour was produced from red cell extracts in the absence of urease indicating a lack of non-specific colourproducing substances.
CHANGES IN INTRACELLULAR UR-A CONCENTRATION If
the amount of urea extracted by haemodialysis is known it is possible to calculate the change in the urea concentration of the intracellular fluid from the body weight and the change in plasma urea concentration. In the absence of direct body fluid measurements on individual patients it was assumed that the extracellular fluid (ECF) was 15 % of the total body weight, that the intracellular fluid (ICF) was 420% of the total body weight, and that the plasma water was 94 % of the plasma volume (within normal protein concentrations). Although these approximations were not exact for each patient they have allowed assessment of gross changes. In addition, it was mecessary to assume that the plasma water urea concentration represented the ECF urea concentration. The 
RESULTS
In our earlier paper (Blackmore and Elder, 1961) it was suggested that the aetiology of the primary condition preceding renal failure might determine the proportion of bound urea within the cells. The current investigation supports this postulate and the results are therefore grouped according to aetiology. The characteristics of a group are apparent in the first dialysis of any patient, and the initial dialysis of one patient from each group is presented graphically. Data of all the patients are presented in the Tables.
The urea determinations are presented in Table II,  while Table III shows the derived figures of falls in urea concentration in the extracellular and intracellular fluids during dialysis. Unfortunately no red cell water studies were made on the traumatic group of patients as a satisfactory method for this estimation had not been established at the time of their admission.
OBSTETRIC Figure 1 shows the theoretical dialysis figures, observed plasma, and red cell water urea Throughout the dialysis the total urea extracted in the dialysing fluid was slightly less than that expected from the product of plasma water urea fall and calculated total body water. In all four dialyses examined in this group similar figures were observed. Figure 2 shows the fall in plasma water urea expressed as extracellular fluid water urea, urea extracted in the dialysing fluid expressed as mg./ 100 ml. total body water, and derived fall in intracellular fluid water urea in relation to time. It can be seen that throughout the dialysis the fall in the intracellular fluid urea was less than that of the extracellular fluid water urea. This could reasonably be explained by either a small time lag in intracellular to extracellular fluid urea diffusion, or an overestimation of total body water in all four dialyses. A time lag in intracellular to extracellular fluid urea diffusion could also explain the slight fall of plasma water urea to below the theoretical dialysis curve during the first hour (see Fig. 1 body water has been overstimated during these dialyses correction for this overestimation would make the curves on Fig. 2 for the extracellular and intracellular fluids and extracted urea more nearly coincide. There is no evidence of a greater amount of urea within the cells than could be expected from the plasma urea levels, and the results are consistent with urea being freely diffusible from the intracellular to extracellular fluids in these patients.
Blood studies at the beginning of dialysis showed a red cell water: plasma water urea ratio approximating to unity. At the end of the dialysis this ratio had increased. Subsequent dialyses produced similar results.
CHRONIC RENAL FAILURE Figure 3 extracellular fluid was greater than the rate of clearance from the artificial kidney coil. Blood studies showed that the level of red cell water urea fell from 1,120 mg./100 ml. to 450 mg./ 100 ml. during the four-hour period of dialysis. Figure 4 shows the fall in plasma water urea expressed as extracellular fluid water urea, urea extracted in the dialysing fluid expressed as mg./100 ml. total body water, and the derived fall in intracellular fluid water urea related to time. In the first two dialyses of the patient investigated the early stages produced an extracellular fluid urea concentration that did not vary greatly from the starting level. This would indicate that at the beginning of dialysis the intracellular fluid urea concentration in this patient was considerably higher than that of the extracellular fluid and dialysis produced a rapid release of this urea from the intracellular fluid. Subsequent dialyses showed a gradual return to the obstetric pattern.
TRAUMATIC Figure 5 shows the theoretical dialysis figures, observed plasma, and red cell water urea concentrations plotted against time for the second dialysis of patient A.J.M. This patient has been presented graphically in preference to the others as he alone had a series of dialyses. The first dialysis was not fully investigated as a break of one and three quarter hours occurred after 75 minutes.
It can be seen that the level of plasma water urea fell below the theoretical curve during the initial stages of dialysis, crossed at one and a half hours, and then remained at a considerably higher level. The initial fall of plasma water urea greatly exceeded that calculated from dilution with I litre of priming blood. The extracted urea exceeded that calculated from the product of the plasma water urea drop and total body water. During the last two hours of dialysis the plasma water urea fell only 16 mg./l00 ml. but 28 g. of urea was extracted within this period. Figure 6 shows the fall in plasma water urea expressed as extracellular fluid water urea, urea extracted in the dialysing fluid expressed as mg./ 100 ml. total body water, and the derived fall in intracellular fluid water urea in relation to time.
It can be seen that during the first half hour of the dialysis the calculated intracellular fluid urea con- centration remained constant. This was observed in the first dialysis of all three injured patients studied. Following the static period it would appear that urea movement from intracellular to extracellular fluid began suddenly and was reflected by the flattening of the extracellular fluid urea curve. It is also evident that this sudden liberation of intracellular fluid urea was not of sufficient rapidity to cause the plasma water urea to rise significantly as was observed in chronic renal failure.
In subsequent dialyses the fall in plasma water urea progressively resembled the obstetric pattern but with a consistently higher urea extraction. It would therefore appear that this patient tended to maintain a higher concentration of intracellular fluid water urea than was apparent from plasma water urea studies during the entire period of l~~~~~2 (Blackmore and Elder, 1961) that urea exists in both diffusible and non-diffusible forms and that on dialysis the efficiency index' would be affected by the ratio of these forms in cell and plasma.
It was also suggested that patients with renal failure of traumatic or glomerulonephritic origin would have an increase of non-diffusible cell urea before initial dialysis, whereas patients in renal failure of obstetric origin would behave as though urea were freely diffusible throughout the total body water.
In the two obstetric patients the extracted urea approximated that calculated from the product of the plasma urea fall and total body water suggesting that there were approximately equal concentrations of urea in the intracellular and extracellular fluids before dialysis. Red cell water studies have also indicated that there was no urea gradient between the red cell and the surrounding plasma. Dialvsis on these patients was therefore good when assessed in terms of plasma urea concentration and efficiency index. ' The efficiency index was calculated from the observed and theoretical plasma water urea levels after six hours of dialysis. The theoretical level was derived from the Blackmore and Elder nomogram. This nomogram was based on the clearance equation of Wolf, Remp, Kiley, and Currie (1951) from artificial kidney studies in vitro and the blood urea clearance figures of the Kolff twin coil artificial kidney (Elliott, Horn, Kerr, and Pearson, 1961 In the three injured patients during the first part of dialysis the extracted urea approximated that calculated from the product of the plasma urea fall and the extracellular fluid volume. This suggests that there was a delay in movement of the intracellular fluid urea. During the latter part of the dialysis the extracted urea exceeded that calculated from the product of plasma urea fall and total body water, suggesting that the intracellalar fluid urea was at a higher concentration than indicated by plasma urea estimations. If the initial delay period is short and the intracellular fluid urea at a high concentration moves early into the extracellular fluid then the efficiency, expressed in terms of plasma urea fall, will be poor although a large amount of urea is extracted. If, however, there is a prolonged delay in intracellular fluid urea clearance it is possible for the efficiency index to be good.
In the two patients with chronic renal failure the extracted urea greatly exceeded that calculated from the product of plasma urea fall and total body water throughout the whole period of dialysis. This suggests that they had a urea concentration in the intracellular fluid much greater than that of the extracellular fluid. The red cell water urea studies in this group demonstrated that such differences can exist in vivo but should not be interpreted as representing the general intracellular state. There appeared to be little delay in intracellular fluid clearance, resulting in an inefficient dialysis when assessed in terms of plasma urea clearance.
From the red cell urea studies it seems unlikely that all the red cell water urea is osmotically active. Patient L.G. had a red cell water urea level 600 mg./ 100 ml. higher than that in the plasma. No evidence of this process was found on blood smears or in plasma. Therefore it would appear that the urea was probably bound within the cell and became available for diffusion following clearance of the existing cell water urea. Assuming that the urea can be bound within the cell it is m.ost likely that it is bound to the cellular proteins. Urea has been shown to combine with plasma albumin (Huggins, Tapley, and Jensen, 1951) , heme (Burk and Greenberg, 1930) , albumin and globulin (Pasynskii and Chernyak, 1950) , haemoglobin and albumin (Murdaugh and Doyle, 1961) , and sodium deoxyribonucleate (Ruffo, Santamaria, and Mattace-Raso, 1955) .
The differences in intracellular urea binding observed within the groups probably result from variation in the intracellular metabolic states which can be corrected by dialysis. Theil, Brodine, and Doolan (1961) in a study on red blood cells have shown a significant decrease of glutathione content and diminished stability to acetylphenylhydrazine in patients with acute uraemia and a significant lowering of glutathione stability in patients with chronic renal disease when compared with 15 normal subjects. They also found that the red blood cell glucose-6-phosphate dehydrogenase activity was significantly greater in these patients.
The term 'efficiency index' was introduced during the previous analysis of 60 dialyses. It enabled a comparison to be made between the urea clearance characteristics in vitro of the artificial kidney and dialyses on patients. The results revealed the striking difference between patients in the various aetiological groups. Our further studies show that to measure the efficiency of a six-hour dialysis in terms of plasma urea fall can be misleading, due to the variation in intracellular urea levels and the time at which urea moves freely during the dialysis. It is now apparent that a more reasonable assessment of dialysis efficiency would be given by the quantity of urea removed by dialysis. As can be seen the urea extraction can increase considerably whilst the plasma urea remains relatively constant.
The optimum duration of dialysis with the Kolff twin coil artificial kidney has been generally accepted as six hours. By this time the patient is usually very tired, often exhausted, and longer dialysis has produced relatively little further change in plasma urea. Within this time electrolyte, water, and acid-base imbalance are generally corrected. We have dialysed patients for eight, 10, and 12 bours and have noted significant clinical improvement. In each instance at six hours the patient has been very tired and restless. As the dialyses were extended the patients became less tired, more alert and cooperative, and have appeared much improved in their general state. Table II shows the plasma and extracted urea figures during two prolonged dialyses (A.J.M. (3) and (5)). The extracted urea greatly exceeded that calculated from the plasma urea fall during the latter part of these dialyses suggesting that urea was still being removed from the intracellular fluid; this further emphasizes the need to assess the efficiency of dialysis in terms of urea extraction and not by plasma urea levels.
The present study suggests that the intracellular urea state is subject to wide variations which differ with aetiology. The plasma urea level does not give a reliable indication of the patient's state with respect to total body urea content, and the fall of plasma urea during dialysis is an unsatisfactory guide to the efficiency of dialysis.
We conclude that research should be directed to variations of intracellular metabolism in renal failure before a more rational approach can be made in its management. This serious deficiency has now been met by the Academic Press with an International Review of Experimental Pathology which is to appear annually. If the first volume is any guide, the series is likely to prove of the highest value. Volume I contains long articles on antibody production, arteriolar hyalinosis, the electron microscopy of damaged glomeruli, common cold viruses, radiationinduced bone disease, and cellular interactions in histogenesis. All these sections have been prepared with care by recognized authorities working actively in their field, and the standard is extremely high. The book is indeed worth reading from cover to cover and any comparisons between the authors seems uncalled for. The reviewer did, however, particularly enjoy the contributions of Nossal and Tyrrell on antibodies and coryzal viruses respectively. Some chapters, e.g., on electron microscopy, are based entirely on recent observations. In others, e.g., that on arteriolar hyalinosis, the discussion has its basis deep in the roots of pathology, in the controversies between Virchow and Rokitansky. It is this section by Pierre Dustin that reveals how heavily even an apparently well-defined morphological change relies upon experimentation to make it at all comprehensible. Almost everything that we understand, will understand, or think we understand in pathology is based on experimental observations. The volume is well produced and is warmly recommended to all who have an interest in the study of disease. This volume makes a welcome addition to the American Lecture Series. The two authors are both recognized authorities on the subject from their special aspects and the combination of clinical and scientific data has been presented in a most interesting and informative way. The important recent advances which have been made both in the classification and in the biochemistry of the porphyrias makes the book particularly welcome at the present time.
The outlook is unusually wide since chapters are included on subjects such as the history, classification, and geographical distribution of porphyria, and also on experimental and natural porphyria in animals. For the clinician or biochemist the information given on the
